Introduction {#s1}
============

Gaze stabilization is one of the many functions of the vestibular system. The vestibulo-ocular reflex (VOR) enables gaze stabilization during high-frequency head movements by moving the eyes directly in opposite direction of the head movement. A decreased VOR therefore impairs gaze stabilization, which leads to head or body movement-induced blurred vision (oscillopsia). Oscillopsia is one of the main symptoms of bilateral vestibulopathy (BV) ([@B1]).

BV is a heterogeneous chronic condition in which vestibular function is severely impaired or absent on both ears ([@B2]). BV patients have a variety of symptoms and report a significant reduction in quality of life. Therapeutic options are often limited to balance training, but studies are now focusing on restoring vestibular function with a vestibular implant ([@B3]--[@B6]).

To treat patients with BV, the condition must be first recognized by clinicians. The diagnosis of BV is often under- or misdiagnosed. Therefore, sufficient inclusion criteria and validated patient-reported outcome measures are needed for patients with BV. One of the components is to quantify the experience of oscillopsia in BV patients ([@B2], [@B7]).

Oscillopsia can be quantified subjectively by questionnaires, such as the Oscillopsia Severity Questionnaire (OSQ) ([@B8]). These questionnaires are designed to classify the disease burden experienced by patients in daily life. Additionally, oscillopsia can be quantified objectively by functional vestibular tests that assess dynamic visual acuity (DVA) ([@B9], [@B10]). Various clinical testing paradigms have been proposed to assess DVA, like walking on a treadmill or passively shaking the head, while reading an optotype chart ([@B8], [@B11]). A new technique was recently suggested: the functional head impulse test (fHIT). The fHIT provides information about the functional performance of the rotational VOR by testing its gaze stabilization ability during passive head impulses in a range of peak head accelerations from 3,000 to 6,000 deg/s^2^ ([@B12]--[@B15]).

The aim of this study was to compare the fHIT with the DVA on a treadmill (DVA~treadmill~) and OSQ outcomes in the context of quantifying oscillopsia in BV patients. Preliminary data from our laboratory showed inter- and intrasubject discrepancies between fHIT and DVA~treadmill~ results in patients with BV. This might be the result of the different stimuli applied during these tests: fHIT selectively stimulates the horizontal semicircular canals with passive head movements, while DVA~treadmill~ stimulates the whole vestibular system with active whole-body movements. Based on these experiences, it was hypothesized that: (1) fHIT and DVA~treadmill~ differ with respect to quantifying oscillopsia since different stimuli are given, and (2) therefore one of them might correlate better to the OSQ.

Methods {#s2}
=======

Study Population
----------------

This study comprised patients diagnosed with BV at the Division of Balance Disorders at Maastricht University Hospital. Inclusion criteria were: (1) summated slow phase velocity of nystagmus of \<20°/s during biothermal caloric tests (30 and 44°C, 300 mL in 30 s), (2) torsion swing tests gain of \<30% and/or phase \<168° (peak velocity of 60°/s; sinusoidal rotation 0.11Hz), and (3) complaints of oscillopsia and/or imbalance. The inclusion criteria differed on some aspects from the diagnostic criteria of BV from the Báràny Society, since inclusion of this study started before these criteria were published ([@B1]). Based on normative data in our laboratory, the lower limit of a normal caloric test on one side is a sum of bithermal slow phase velocities of nystagmus of 25°/s (15°/s warm, 10°/s cold). BV patients included in this study had a maximum sum of bithermal slow phase velocities of nystagmus on one side of 15°/s. In this study, some patients will not perfectly fit the BV criteria from the Báràny Society, nonetheless they definitely have a bilateral vestibular dysfunction (see [Supplementary Material](#SM1){ref-type="supplementary-material"}).

Exclusion criteria comprised peripheral neuropathy, being unable to stop vestibular suppressants for one week (cinnarizine and all psychiatric medication), or the inability to walk independently.

Testing
-------

Every patient underwent fHIT and DVA~treadmill~ on one day in the same order, and with a break in between. Both tests were performed by one trained examiner (FL) under standardized conditions, in the same room with controlled illumination. Patients were tested binocularly and corrective spectacles or contact lenses were worn during fHIT, and removed during DVA~treadmill~.

### Functional Head Impulse Test (fHIT) ([@B12]--[@B14])

The fHIT was performed using the fHIT system (Beon Solutions srl, Zero Branco (TV), Italy). Patients were seated in a static chair in front of a computer screen at a distance of 1.5 meter with a keyboard in their hand. During a passive head impulse, when head acceleration reached its peak value, an optotype (Landolt C ring) was displayed on the screen for 80 ms. The size of the optotype was adjusted for every subject separately, and remained constant during testing. Before the start of the fHIT, the static visual acuity threshold was acquired by the fHIT system in 20 trials. Optotype size started from 1.0 LogMAR (log of the Minimum Angle of Resolution) and decreased depending on the subjects\' rates of errors. The used optotype size was equal to this threshold, increased by 0.6 LogMAR ([@B13]). During fHIT, patients had to choose the right optotype out of eight different options by pressing the corresponding button on the keyboard. No direct feedback was given. Head impulses comprised fast (peak velocity \>150°/s) ([@B16], [@B17]), outwards, passive, horizontal rotational head movements with a low amplitude (±20°), unpredictable in timing and direction. At least 10 impulses were given to both sides. The absolute outcome was the percentage of correct answers (%CA) for each side, as calculated by the fHIT system. A %CA of \<80 was considered abnormal. This cut-off was a conservative approximation of the criterion adopted by the fHIT system, which considers the level where the standardized normal deviate of the patient falls outside the 99% of the two-tailed Z distribution of a population of age-matched controls ([@B14]).

### DVA~treadmill~

DVA was assessed on a treadmill (1210 model, SportsArt, Inc., Tainan, Taiwan, China) with a computer screen placed at a distance of 2.8 meters from the subject. Sloan letter optotypes were used. Testing started with optotypes presented at a LogMAR of 1.0. When four out of five optotypes were recognized correctly, the corresponding LogMAR was considered achieved and the size was decreased by steps of 0.1 LogMAR. When three or less optotypes were recognized correctly, the corresponding LogMAR was considered unachieved. The best (i.e., lowest) achieved LogMAR was recorded. Patients were tested in static condition (while standing still) and in dynamic conditions (while walking on the treadmill at 2, 4, and 6 km/h). Every condition was tested once. In case the patient was not able to walk independently at a certain speed, the test was stopped and registered as impossible for that speed. Absolute outcome for every speed was the visual acuity difference (VA difference), calculated as the decline in LogMAR between static and dynamic conditions. DVA~treadmill~ was considered abnormal when a VA difference of \>0.2 was recorded at 2 and 4 km/h or \>0.3 at 6 km/h ([@B8], [@B18], [@B19]).

### Oscillopsia Severity Questionnaire (OSQ)

Every patient completed the oscillopsia severity questionnaire (OSQ) developed by the Division of Balance Disorders in Maastricht. The OSQ consists of nine questions about the patients\' experience of oscillopsia in daily life, as shown in [Table 1](#T1){ref-type="table"}. Every question can be answered by one of the following five options Always (= 5), Often (= 4), Sometimes (= 3), Seldom (= 2), or Never (= 1). The outcome of every separate question was registered and the mean value for every patient was calculated. A mean value of three or more was considered as moderate to extreme oscillopsia severity ([@B8], [@B20]).

###### 

The oscillopsia severity questionnaire (OSQ).

  ---------------------------------------- -------------------------------------------------------------------------------------------------------------
  **OSCILLOPSIA SEVERITY QUESTIONNAIRE**   
  1\.                                      Do you have the sensation that the visual environment is moving when it\'s not?
  2\.                                      By dim light, do you have the sensation that the visual environment is not stable?
  3\.                                      Is it difficult for you to recognize known faces when you are walking?
  4\.                                      When you are reading, do you have the sensation that the text is not stable?
  5\.                                      When you are watching television, do you have the sensation that the image is not stable?
  6\.                                      When you are driving your car, do you have the sensation that the visual environment is not stable?
  7\.                                      As a car passenger, do you have the sensation that the visual environment is not stable?
  8\.                                      When you are riding a bicycle, do you have the sensation that the visual environment is not stable?
  9\.                                      When you are walking on uneven ground, do you have the sensation that the visual environment is not stable?
  ---------------------------------------- -------------------------------------------------------------------------------------------------------------

*Questions can be answered with Always = 5, Often = 4, Sometimes = 3, Seldom = 2, or Never = 1. A mean value of 3 or more was considered as moderate to extreme oscillopsia severity*.

Statistical Analysis
--------------------

Data were analyzed using SPSS Statistics 24 for Windows. Significance was set on *p* \< 0.05. Bonferroni correction was used in case of multiple comparisons. The Shapiro-Wilk test, and visual inspection of the histogram and normal Q-Q plot of the outcome distributions were used to determine whether the data were normally distributed. In case there was no normal distribution of data, non-parametric tests (Wilcoxon Sign-Rank test, McNemar, Mann-Whitney U or Spearman\'s Rank Correlation test) were used.

The correlation was calculated between fHIT and DVA~treadmill~, between DVA~treadmill~ (VA difference) at 2, 4, and 6 km/h and OSQ score, and between fHIT (%CA) and OSQ score. Duration of illness was compared between DVA~treadmill~ outcome and OSQ score, and between fHIT outcome and OSQ score.

During further analyses 3 groups were differentiated: (1) fHIT abnormal vs. normal for rightwards and leftwards head rotations. In case fHIT was abnormal to at least one side, the outcome was considered abnormal during this analysis. (2) DVA~treadmill~ impossible vs. possible. The impossible subgroup consists of patients that were not able to walk independently at 2, 4, and/or 6 km/h. (3) DVA~treadmill~ abnormal vs. normal. During this analysis patients with an impossible DVA~treadmill~ at any speed were considered missing data. Within these groups, OSQ outcomes were compared between the subgroups.

Ethical Considerations
----------------------

This study was in accordance with the Declaration of Helsinki (amended version 2013). Approval was obtained from the ethical committees of Maastricht University Medical Center (NL52768.068.15/METC151027). All participants provided written informed consent prior to the study.

Results {#s3}
=======

In this study 23 patients with BV were included, 13 male and 10 female. Mean age was 57.6 (SD 11.04). Duration of illness varied between 18 months and 33 years. Etiologies comprised: ototoxicity due to gentamicin treatment (3) or chemotherapy (1), post-infectious due to Lyme disease (1) or meningitis (1), DFNA-9 gene mutation (3), bilateral Ménière\'s disease (2), autoimmune disease (1). In 10 patients, no cause could be found (idiopathic).

fHIT
----

All 23 patients (100%) completed the fHIT. Outcomes for rightwards and leftwards head rotations did not significantly differ. Eighteen patients (78%) showed an abnormal fHIT to both sides, and four patients (17%) had normal fHIT outcomes. One patient (4%) had a unilateral abnormal fHIT: 45%CA on the right side and 90%CA on the left side. No significant difference was found in OSQ score between patients with a normal and abnormal fHIT. A moderate correlation was found between %CA on the fHIT and OSQ score for rightwards (*r*~s~ = −0.559, *p* = 0.006) and leftwards (*r*~s~ = −0.396, *p* = 0.061) head impulses ([Figure 1](#F1){ref-type="fig"}).

![fHIT outcome (percentage of correct answers, %CA) vs. mean OSQ score. The horizontal interceptive line represents the cut-off value of the OSQ; a value of three or more is considered as moderate to extreme oscillopsia severity. The vertical interceptive line represents the cut-off value of the fHIT; a %CA-value of \<80 was considered abnormal. This study showed a moderate correlation between the severity of oscillopsia tested by the OSQ, and percentage of correct answers on the fHIT for both rightwards (*r*~s~ = −0.559; *p* = 0.006) and leftwards (*r*~s~ = −0.396; *p* = 0.061) head impulses.](fneur-10-00365-g0001){#F1}

DVA~treadmill~
--------------

In total 12 BV patients (52%) completed the DVA on all three speeds. With increasing speed, the number of patients that could not walk independently (and not complete the test) increased: two patients at 2 km/h and 11 patients at 6 km/h. VA difference between 2, 4, and 6 km/h did not differ statistically significant. DVA, at any speed, was only abnormal in four patients (17%). All four patients showed abnormal DVA at 4 km/h, and one even at 2 km/h. Of these four patients, neither completed a walking speed of 6 km/h. ([Table 2](#T2){ref-type="table"}) Mean OSQ outcome and duration of illness did not differ significantly between patients with a normal or abnormal DVA or between patients with a possible or impossible DVA. No correlation was found between OSQ outcome and the amount of VA difference at any speed.

###### 

DVA~treadmill~ outcomes.

                 **DVA 2 km/h**   **DVA 4 km/h**   **DVA 6 km/h**   **DVA all speeds[^\*^](#TN1){ref-type="table-fn"}**
  -------------- ---------------- ---------------- ---------------- -----------------------------------------------------
  Normal         20 (87%)         16 (70%)         12 (52%)         8 (35%)
  Abnormal       1 (4%)           4 (17%)          0 (0%)           4 (17%)
  Not possible   2 (9%)           3 (13%)          11 (48%)         11 (48%)

DVA~treadmill~ was considered abnormal when a VA difference of \>0.2 was recorded at 2 and 4 km/h or \>0.3 at 6 km/h. In case a patient could not walk a certain speed independently, this speed was classified as "not possible."

*DVA at all speeds was classified as "not possible" or "abnormal" when a patient did not complete the DVA~treadmill~ protocol at all speeds or had an abnormal outcome at one or more speeds*.

fHIT vs. DVA~treadmill~
-----------------------

fHIT showed more abnormal outcomes than DVA~treadmill~ at all speeds: 78% vs. 17%. Next to this, fHIT was possible in all 23 patients, while DVA~treadmill~ could not be completed in 11 of them. All four patients with abnormal DVA~treadmill~ outcomes, showed abnormal bilateral fHIT outcomes as well. No correlation between fHIT and DVA~treadmill~ was found at any tested speed (2, 4, 6 km/h), for both rightwards and leftwards head rotations.

Discussion {#s4}
==========

This study compared the fHIT with DVA assessed on a treadmill, and OSQ outcomes in the context of quantifying oscillopsia in patients with BV. fHIT outcomes showed a moderate correlation with the experienced oscillopsia in daily life, as assessed by the OSQ. DVA~treadmill~ outcomes, at any of the tested speeds, did not correlate to the severity of oscillopsia, as measured by OSQ. This is in agreement with previous studies with a large study population of BV patients ([@B8]). There is no gold standard for measuring oscillopsia, this study used the oscillopsia severity questionnaire (OSQ) to capture the subjective complaints of BV patients. ([@B8]) Specific questions from this questionnaire---those with highest correlation with fHIT---could possibly be of value in establishing a validated patient reported outcome measures for BV ([@B7]).

fHIT showed more abnormal outcomes than DVA~treadmill~ at all speeds (78 vs. 17%). This is probably due to multiple factors ([@B9]). First, the ability to compensate or adapt is less during fHIT than during DVA~treadmill~. During walking on a treadmill, patients are able to use compensation mechanisms to improve gait or gaze stabilization (e.g., by trying to minimize the overall head movement). Secondly, an active movement is made during DVA~treadmill~, in contrast to the passive movement during fHIT. Passive movements have been shown to be most useful in discriminating between healthy subjects and patients with bilateral vestibular loss ([@B16], [@B21]). Indeed, during walking an efference copy of the command producing the walking movement is available, thereby allowing patients to predict the retinal slippage as a consequence on the resulting head movement ([@B22]). Thirdly, the nature of the stimulus differs between the two tests. The fHIT selectively stimulates the plane of one semi-circular canal during passive head movements in high frequencies (\>150°/s), while DVA~treadmill~ comprises an active movement which stimulates all semi-circular canals and otoliths at the same time ([@B14]). The frequency of the stimulus depends on the walking speed. When walking at a speed of 6 km/h, angular velocities are \~178°/s, and lateral and horizontal head translations occur at 1 Hz and 2 Hz, respectively ([@B23]).

BV criteria, and the inclusion criteria of this study, comprise low or absent function of the horizontal semi-circular canal. In case the patient had residual function of other sensory parts of the vestibular system (i.e., the otoliths), it could be possible that this residual function was used during DVA~treadmill~. This possible selection bias could lead to false negative DVA~treadmill~ outcomes. These mechanisms might also (partially) explain why the fHIT has a stronger correlation to oscillopsia experience than DVA~treadmill~.

Comparing the ability of subjects to complete a test, fHIT could be performed in more patients than DVA~treadmill~. After all, in this study population 100% of the patients was able to complete the fHIT, while 87% of the patients completed the DVA-protocol at 4 km/h and only 52% at 6 km/h. The inability to walk faster than 5 km/h on a treadmill in BV patients was described in previous studies ([@B11], [@B24]).

A possible limitation of this study is the fact that DVA~treadmill~ was tested without wearing any corrective spectacles. It is unlikely this has influenced the outcomes, since DVA~treadmill~ outcome (VA difference) was calculated as the decline in LogMAR in a patient between static and dynamic conditions, both tested without corrective spectacles. Furthermore, different DVA~treadmill~ cut-off values are reported in literature ([@B1], [@B8], [@B18], [@B19]). In this study, cut-off values were based on walking-speed-specific normative values from the vestibular laboratory of the Maastricht University Medical Center. Despite the fact this study showed a moderate correlation between fHIT and OSQ, the correlation between objective and subjective tests to quantify oscillopsia is not (yet) optimal. It is possible that the used questionnaire (OSQ) captures more complaints than only oscillopsia and can be influenced by a patients\' coping of BV. Lastly, in this article fHIT and DVA~treadmill~ are compared. Both tests give different stimuli to the vestibular system, as described above, and are therefore never fully comparable.

To summarize, the fHIT seems feasible for quantifying oscillopsia in patients with BV. In the future, it possibly could also be used to measure functional outcome in patients implanted with a Vestibular Implant.

Conclusion {#s5}
==========

The functional Head Impulse Test (fHIT) is a recently proposed technique to assess functionally effective gaze stabilization. The fHIT seems to be a feasible test to objectify oscillopsia in BV since, unlike DVA assessed on a treadmill, it correlates with the experienced oscillopsia measured by the OSQ, and more BV patients are able to complete the fHIT than DVA assessed on a treadmill.
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